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ABSTRACT 


Flash  photographs  of  the  transition  from  deflagration  to 
detonation  have  been  obtained  by  means  of  the  IiIaoh-2ehnder 
interferometer*  Experiments  were  performed  using  stoiohiometrio 
hydrogen-oxygen  mixtures  in  a  1.0  by  1*5  inoh  detonation  tube 
with  three  methods  of  ignitiont  spark  discharge,  pilot  flame, 
and  glow  ooll.  In  all  oases  the  ignitor  was  looate>d  at  the 
closed  end  of  the  tube* 

For  eaoh  set  of  operating  conditions,  a  series  of  flash 
Interferograms  were  taken,  one  on  eaoh  experiment,  which  were 
pieoed  together  on  a  single  timo-spaoo  plane  to  yield  a 
cinema tographio  representation  of  the  process*  The  individual 
interferograms  revealed  oonslderable  information  on  the  shape 
of  the  flame  front  and  on  the  structure  of  the  reaction  zone,  while 
the  sequence  of  photographs  yielded  an  insight  into  the  break¬ 
down  of  the  combustion  front  from  a  laminar  to  a  turbulent  flame* 
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INTRODUCTION 


The  prinoipal  tool  for  the  experimental  investigation  of  the 
development  of  detonation  has  been  high-speed  photography,  based  on  the  use 
of  either  flame  self-light  or  the  aohlieren  method.  Of  these,  streak  techni¬ 
ques,  vdiere  the  prooess  in  the  detonation  tube  is  viewed  through  only  a  narrow 
slit  along  the  tube  axis,  yield  a  representation  of  the  spaoe-tlme  history  of 
the  prooess,  while  insight  into  the  two-dimensional  struoture  of  the  flow 
pattern  has  been  obtained  from  framing  photography,  where  a  sequence  of  exposures 
of  the  entire  oross-aeotion  of  the  tube  is  obtained.  Although  such  records 
gave  significant  qualitative  information  on  the  transition  from  deflagration 
to  detonation,  neitlier  method  provided  sufficient  means  for  a  quantitative 
determination  of  the  thermodynamic  stato  of  the  medium.  Interferometry,  on 
the  other  hand,  has  the  advantage  over  these  methods  by  yielding  essentially 
a  quantitative  measurement  of  the  density  distribution  in  the  flow  field.  The 
basio  disadvantage  results  only  from  the  limited  field  of  view  imposed  by  the 
oost  of  the  expensive  precision  optical  components  required  for  interferometrio 
observation. 

The  theory  and  operation  of  the  interferometer  as  well  as  a  summary 

of  the  various  studios  performed  with  this  instrument  have  been  described  in 

(l  2) 

oeveral  comprehensive  publioationo . '  ’  Although  the  Maoh-Zehnder  interfero¬ 
meter,  the  typo  most  oommonly  used  for  gas-flow  observation,  was  originally 
developed  in  the  1890's,  use  of  the  instrument  was  relatively  limited  until 
its  revival  in  Germany  in  the  late  1930's.  Sinoe  then  the  application  of  the 
interferometer  for  the  study  of  suporeonio  aerodynamics  lias  been  Widespread. 

Tills  technique  was  extended  to  the  investigation  of  shook  tube  phenomena  by 
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MatkawsCJ),  SmHjk(^),  and  Alphar  and  'WhiteC^)^  while  Ttiite^^)  recently 
suooeeded  in  taking  interferometer  still  photographs  of  the  waves  whioh 
ooour  during  the  advanoed  stages  In  the  development  of  detonation  and  of 
the  fully  developed  detonation  fronts  demonstrating  especially  its  tur¬ 
bulent  oharaoter* 

In  the  investigation  reported  here,  the  Interferometer  has  been 
used  to  explore  the  various  stages  of  the  transition  from  deflagration  to 
detonation*  with  a  particular  emphasis  on  the  early  stages  of  the  process, 
that  is  the  initial  flame  aooeloration  following  ignition.  For  this  purpose 
a  single  shot  flash  light  souroe  was  used.  The  history  of  the  prooess  was 
then  reoonstruoted  by  a  sequenoe  of  records  taken  from  subsequent  stages  in 
different  experiments  for  each.  Experiments  were  performed  in  stoiohiometrio 
mixtures  of  hydrogen  and  oxygen.  The  interferograms  revealed  a  considerable 
amount  of  information  on  the  structure  of  tho  reaction  zone  and  on  the  break¬ 
down  from  laminar  to  turbulent  flame. 

APPAKATUS 


Interferometer 

The  8  Inoh  Uaoh-Zehndsr  interferometer  used  in  this  investigation  was 
designed  by  R.  Urake,  Jr.,  at  the  University  of  California  and  was  patterned 
after  the  first  large  instrument  built  in  this  country  by  Eokert,  Drake  and 
Soehngen^"^^  for  the  Air  Foroe  Material  Command  at  Wright  Field,  Dayton,  Ohio. 
Details  of  design  as  well  as  results  of  experiments  performed  using  this 
instrument  can  be  found  in  referonoes  8  and  9, 

The  instrument  is  shown  echomatica] ly  in  Fig,  1.  Tho  light  souroe  (l) 
is  focused  by  means  of  condensing  lens  (2)  on  a  small  plane  niirror(3),  whioh 
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Is  looated  at  the  fooal  point  of  the  spherloal  mlrror(U)>  The  area  of  the 
mirror  (3)  is  2  mm  sqi  and  it  aots  as  the  effeotlve  light  souroe  for  the 
system.  Parallel  light  from  (li)  is  directed  toward  the  beam  splitter  (5) 

^ere  half  the  light  is  transmitted,  the  other  half  reflected  toward  the 
plane  mirror  (5).  vd^ere  it  is  in  turn  reflected  through  the  tost  section 
to  the  second  bean  splitter  (6).  The  reference  light  beam  passes  through 
the  compensator  plates  (li|)  and  (15)  to  the  plane  mirror  (7)  where  it  is 
then  reflected  to  the  beam  splitter  (8),  oonbining  with  the  light  beam  through 
the  teat  section.  Adjustment  of  oomponents  (7)  and  (6)  loo'ates  the  fringes 
in  the  plane  of  the  tost  section,  the  fringes  being  focused  on  the  film 
plane  (12)  by  the  spherical  mirror  (10).  Between  the  mirror  (lO)  and  the 
film  plane  a  filter  (ll)  was  installed.  The  oempensator  plates  (ll+)  are 
mounted  in  the  form  of  a  wedge  and  by  varying  the  opening  of  the  wedge 
the  optical-path  lengths  of  the  tv/o  light  beams  can  be  made  equal.  Adjust¬ 
ment  of  tho  interferometer  is  made  using  a  steady  light  souroe  (I7)  which  is 
focused  on  the  elootrcdcs  of  the  test  light  souroe  by  tho  lens  (10).  All 
optioal  components,  including  the  light  souroe  and  camera  are  mounted  on 
a  rigid  metal  frame  and  extraneous  illumination  is  eliminated  by  completely 
enclosing  the  light  paths  within  a  metal  shield.  Total  weight  of  the  in¬ 
strument  was  approximately  I5OO  lbs. 

The  detonation  tube,  forty  inohes  long,  was  izistalled  in  a 
vortloal  position.  Since  the  interferometer  field  was  only  8  inohes, 
it  was  necessary  to  mount  tho  interferometer  in  auoh  a  manner  that  it 
oould  traverse  the  entire  length  of  the  detonation  tube.  This  was  done. 

Fig,  2,  by  suspending  the  interferometer  with  a  pulley  and  cable  arrange¬ 
ment,  and  raising  and  lowering  the  instrument  by  means  of  a  bomb  loading 
winoh,  When  in  use  the  interferometer  vms  lowered  onto  the  Sohlieron 
pedeetals  (desorlbed  in  roforenoe  10)  which  were  adjusted  to  the  desired 
height.  In  this  way,  relative  motion  between  interferometer  and  detonation 
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Light  Soiiroa 

1»  Oonstruotlon* 

The  light  Bouroe,  Fig,  J,  used  for  these  experiments  was  a 
barium  titaaate  ooaxial  transmission  line  similar  to  that  developed 
by  Fitzpatrick,  Hubbard  and  Thaler Construction  details  are  shown 
in  Fig,  U,  The  barium  titanate  element  has  a  hollow  oylindrioal  shape, 
2,00  inches  O.D. ,  1.00  inoh  I,D,,  by  6  inches  long.  Ideally,  this 
geometry  should  produce  a  light  pulse  of  0.2  ^seo  duration, 

A  solid  brass  rod,wiiich  acted  as  the  anode,  was  inserted  in 
the  oloment  which,  in  turn,  was  mounted  within  a  oylindrioal  brass  shell, 
good  electrical  contact  being  insured  by  a  silver  coating  deposited  on 
the  surfaces  of  the  element.  Both  the  rod  and  shell  were  connected  to 
brass  oones  whioh  served  as  electrodes .  The  cones,  separated  by  a  gap 
of  8  Iran,  were  mounted  coaxially,  with  their  vertioios  facing  each  other, 

A  2  mm  hole  was  drilled  through  the  oones,  along  a  common  axis.  In 
this  manner  the  light  source  oould  be  used  as  a  point  light  source 
when  it  is  oriented  so  that  the  discharge  ooours  in  the  direction  of 
the  optical  axis,  or  as  a  lino  souroe  v/hen  it  is  aligned  v/ith  the 
discharge  path  normal  to  the  optical  axis.  To  minimize  erosion  of  the 
oones,  tungsten  tips  were  used. 

The  barium  titanate  element,  with  a  oapacitanoe  of  0,025  mfd 
was  charged  to  10  KV,  providing  a  stored  energy  of  1,2  watt-seoonda , 

The  discharge  was  started  by  raising  momentarily  the  potential  of  a 
third  electrode,  placed  between  the  cones,  to  15KV.  Triggering  signal 
was  supplied  by  a  ^yrohronization  unit  described  latar.  Power  supply  for 
the  light  souroe  is  shown  in  Fig,  5« 

In  this  investigation  the  gap  was  aligned  in  the  direction  of 
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optical  axis,  the  light  souroe  being  mounted  on  an  optical  bench  attached 
to  the  inferometer  frame*  An  inoandesoent  lamp*  17*  (see  Fig*  1}  'vra.s  used 
for  adjustment  of  both  the  barium  titanate  light  aouroe,as  well  as  the 
interference  fringes*  In  spite  of  its  large  souroe  area*  the  intensity 
of  the  lamp  was  sufficiently  large  to  provide  adequate  illumination  at 
the  viewing  screen*  Light  from  the  lamp  was  focused  by  the  lens’ (16)  on 
the  aperture  in  the  electrodes  of  the  barium  titanate  light  souroe  and 
by  the  lens  (2)  on  the  small  mirror  (3)*  To  insure  uniform  illumination 
over  the  entire  test  section*  light  emitted  from  the  light  souroe  aperture 
must  oompletely  oover  the  mirror  (3).  Sinoe  the  aperture  and  the  mirror 
were  of  approximately  the  same  size*  provisions  for  fine  adjustment 
(by  means  of  mlorometer  screws)  in  three  orthogonal  directions  were  incorp¬ 
orated  in  the  light  souroe  mount* 

The  light  souroe  was  positioned  by  viewing  it  from  the  rear  side 
of  the  mirror  (3)  through  e  translucent  material  (usually  an  exposed 
negative)  placed  between  the  mirror  and  the  observer,  Wlien  the  mirror 
intercepted  the  light  beam*  a  sitadow  of  tho  mirror  was  observed  on  the 
negative*  The  light  souroe  wao  adjusted  until  tho  shadow  ^vas  oompletely 
surrounded  by  the  image  of  the  light  emitted  from  the  aperture*  Pinal 
adjustment  was  made  to  eliminate  any  displacement  between  the  shadow  of 
the  mirror  and  the  image  of  the  light  source .wliioli  could  be  observed  as 
tho  negative  was  moved  in  the  direction  of  tho  optical  axis*  This  procedure 
was  then  repeated  using  the  light  beam  from  the  barium  titanate  light 
souroe  itself* 

An  additional  factor  wliioh  caused  non-uniform  illumination  of  the 
mirror*  arose  from  a  tendency  of  tho  discharge  path  to  "wander",  so  that 
the  discharge  path  was  not  identical  on  subsequent  shots.  This  problem 
was  reduced  by  confining  the  arc  within  a  2  mm  I.D,  soapstone  tube  installed 
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betirean  the  elaotrodeSf  at  the  ooat  of  an  inoreaae  in  the  duration  of  the 
light  pulae  oauaed  by  the  oonflnement*  Aa  determined  from  obserrationa  with 
a  photomultiplier  tuba,  the  light  pulse  duration,  measured  at  \/2.  peak,  was 
1*6  /I'aeo  and  1*^  /<seo  for  the  unoonfined  and  oonfined  aros,  respeotively* 
Aaauming  that  the  maximum  velocity  of  the  waves  under  observation  was  10^  m/aeo, 
then  during  an  exposure  time  of  1.3  /^aeo,  the  maximum  image  movement  at  the 
film  plane  was  0.9  mm.  The  smear  produced  by  an  image  motion  of  this  amount 
is  barely  peroeptible  by  eye,  and,  in  fact,  most  of  the  photographs  were 
quite  well  defined.  Only  in  the  oase  of  glow  ooil  ignition,  where  flame 
velooitios  at  a  position  50  om  from  the  ignitor  (the  limit  of  the  region 
observed  in  this  investigation)  exceeded  10^  m/teo,  was  a  slight  smearing 
of  the  image  evident. 

2.  Speotral  Distribution 

Spectral  distribution  of  radiant  energy  emitted  by  the  discharge 
of  the  barium  tltanate  light  source  was  determined,  using  a  Bausoh  and 
Lomb  53”8i4-'25  medium  size  quartz  spectrograph.  The  apootrum  was  recorded 
on  Royal  X  Pan  film,  whioh  is  oensitive  in  the  range  from  2150  to  650O  Angstroms. 
A  line  spectrum  was  observed  throughout  the  entire  range  of  film  sensitivity* 

In  addition,  a  relatively  bright  oontinuous  emission  spectrum  was  also 
recorded.  The  strongest  lines,  summarized  in  Table  I  below,  oocurred  in 
the  visible  region  from  i|6U0  to  5880  Angstroms,  Relative  line  intensities. 


TABLE  I 

DOMINANT  LINES  IN  SPECTRUM  OP  BARIUM  TITAHATE  LIGHT  SOURCE  DISCHARGE 


Wave  Length  % 

i46[l0 

U79O 

5050 

_ 

5670 

5860 

Intensity  Index 

3 

3 

2 

u 

■ 

referred  to  the  film  exi)Osure-dens ity  character is  tin ,  are  qualitatively  In¬ 
dicated  in  the  bottom  row,  smaller  intensity  corresponding  to  larger  value 
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Th«  speotral  range  of  transmission  of  the  Borosilloate  Cronn  Glass 
windows  used  in  the  detonation  tube,  also  determined  by  means  of  the  Bausoh 
and  Lomb, spectrograph,  was  found  to  extend  from  3250  Angstroms  to  well  into 
the  infrared*  These  limits  are  in  good  agreement  with  published  data  for 
similar  material  tabulated  in  referenoe  12*  The  usable  light  spectrum 
is  then  limited  to  the  region  bettiwen  3250  to  6300  Angstroms* 

The  speotral  transmiasion  ourve  for  the  filter  used  in  this 
preliminary  investigation  is  shown  in  Fig.  6.  Although  the  ourve  extends 
into  the  infrared,  this  portion  of  the  spootrum  is  unusable  ainoe  the  film 
emulsion  outs  off  at  63OO  Angstroms*  It  was  found  that  exposure  of  the 
film  required  an  intensity  of  illximination  corresponding  to  20  peroent 
transmittanoa *  Henoe,  the  effective  band  pass  of  the  filter  ranged  from 
5UOO  to  5700  Angstroms  and  from  60OO  to  6500  Angstroms, 

Detonation  Tube 

Experiments  wore  performed  in  our  1  x  I'i"  inch  detonation  tube, 
fitted  on  two  opposite  sides  with  viewing  windows  extending,  with  the 
exception  of  a  2  inch  section  at  the  center,  the  full  lengtti  of  the  tube* 
Details  of  tlie  tube  and  gas  handling  system  are  described  in  referenoe  10* 

In  the  present  case,  tJie  following  modifications  were  made*  First,  to  avoid 
oondensation  of  water  on  the  windows,  provisions  for  purging  the  tube  with 
hot  nitrogen  were  added.  Secondly,  the  top  of  the  test  seotion  vras  closed 
by  a  hinged  plate  whioh  was  opened  by  the  force  of  the  explosion  permitting 
the  combustion  products  to  esoape*  During  the  purging  and  filling  prooesses, 
the  plate  was  in  the  closed  position,  and  the  gases  exhausted  outside  the 
building  through  rubber  tubing  attached  to  the  plate. 


8 


Ignition 

Three  methods  of  ignition  were  usedt  spark  dlsoharge,  pilot 
flame  ignitlont  and  glow  ooil.  For  all  experiments  the  ignitor  waa 
looated  at  the  closed  end  of  the  tube.  Details  of  the  Ignitors  are  given 
in  referenoe  10)  however,  pertinent  speoifloations  are  presented  below. 

For  spark  ignition,  the  electrodes,  spaced  3A  ion  apart  and 
maohlned  flush  with  the  walls  of  the  tube,  were  oonneoted  to  the  secondary 
of  a  73tl  stepup  transformer.  Eleotrioal  breakdown  across  the  gap 
occurred  when  a  0.25  y^^fd  oapaoitor  at  300  V,  was  discharged  through 
the  primary  of  the  transformer. 

For  pilot  flame  Ignition,  a  small  oombustion  ohamber  of  approx> 
imatoly  7  oo  volume  waa  installed  in  place  of  the  spark  plug.  The  ohamber 
was  oonneoted  to  the  detonation  tube  by  a  5A  ^  diameter  hole,  2  nun  long. 
The  mixture  in  the  small  ohamber  was  cpark  ignited, and  the  flame  proper- 
gating  through  the  oonneoting  orifioe  ignited  the  text  gas. 

The  glow  ooil  ignitor  was  identical  in  oonstruotion  to  the  spark 
plug, with  the  exception  that  a  small  diameter  coiled  wire  was  soldered 
between  the  eleotrodes.  The  coil,  of  approximately  one  ohm  resistance, 
waa  heated  by  energizing  it  with  6  VAC.  In  contrast  to  the  above  methods, 
for  whioh  ignition  ooourrod  in  a  matter  of  microseconds  after  the  oirouit 
urns  energized,  the  thermal  capacitance  of  the  ooil  caused  a  delay  of 
several  seconds  between  application  of  the  voltage  and  the  instant  of 
ignition. 

Synohronization  Olroult 

Since  the  interferometer  field  was  roughly  1/3  the  size  of  the 
viewing  windovf,  Bynohronization  of  the  light  flash  with  the  ignition 
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prooeBB  ms  nsoeBsary  In  order  to  insure  that  the  flame  mis  in  the  field 
of  view  when  the  light  was  turned  on.  k  special  delay  unit,  Pigs.  7*8,9, 
was  designed  for  this  purpose*  The  unit  consists  of  two  independent 
delay  oirouits.  Fig.  8,  whioh  when  triggered  with  a  10  V  signal  produce 
a  500  V  output  signal.  For  one  circuit, the  delay  time  is  continuously 
variable  from  0  to  1  msec  with  an  accuracy  of  lyuseo,  while  for  the 
second  oirouit,  the  delay  time  can  be  continuously  varied  from  0  to  5  msec 
with  an  accuracy  of  3 ^seo.  The  time  delay  for  each  circuit  is  set  by 
adjustment  of  a  heliopot  (one  for  each  oirouit)  installed  on  the  front 
panel  of  the  chassis  whioh  houses  the  unit.  Four  thyratron  trigger 
oirouits.  Fig,  9»  ®^re  also  incorporated  in  the  delay  unit.  Each  oirouit 
requires  a  10  V  signal  to  trigger  the  thyratron  tube.  Two  of  these 
oirouits  produce  a  300  V  output  signal  which  is  used  for  triggering 
other  electronic  equipment  (e.g.  oscilloscopes),  the  remaining  thyratrons 
serve  to  drive  the  step-up  transformers  in  tho  spark  ignition  and  light 
source  trigger  circuits. 

The  block  diagram  of  the  synchronization  circuit  for  spark  and 
pilot  flame  ignition  is  shown  in  Fig.  10.  The  oirouit  was  activated  by 
introducing  a  trigger  signal  into  one  of  the  two  delay  units.  The  output 
of  this  unit  (1)  fired  a  thyratron  used  to  drive  the  spark  ignition 
transformer,  and  (2)  triggered  the  seoond  delay  unit.  The  output  of  the 
second  delay  unit  then  fired  tho  thyratron  driving  the  transformer  used 
to  trigger  the  light  source.  Tho  time  delay  between  ignition  and  trigger¬ 
ing  of  the  light  source  was  determined  by  the  setting  of  the  second  delay 
unit,  the  first  delay  unit  being  used  only  to  provide  a  trigger  signal 
for  tho  remaining  oirouits, 

Beoause  of  the  ignition  delay  introduced  by  the  thermal  oapaoi- 
tanoo  of  the  ooil,  the  above  circuit  could  not  be  used  with  glow  ooil 
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ignition.  In  this  instance,  the  light  source  was  triggered  hy  a  signal  de¬ 
rived  from  aui  ionization  gauge,  located  in  the  vicinity  of  the  ignitor.  The 
block  diagram  for  the  synchronization  circuit  is  shown  in  Fig.  11.  ^en 
the  combustion  lone  reached  the  ion  gap,  an  eleotrioal  signal  was  produced, 
which  was  fed  through  a  cathode  follower,  then  to  an  eaplifier  which  fired 
a  thyratron,  whose  output  was  used  to  trigger  the  time  delay  unit.  The 
output  signal  of  the  delay  unit,  in  turn,  triggers  the  thyratron  used  to 
drive  the  step-up  transformer  in  the  light  souroe  trigger  circuit. 


EXPERIMENTAL  PROCEDURE 

Stoichiometric  hydrogen-oxygen  mixtures  were  prepared,  its  composi¬ 
tion  being  controlled  by  partial  pressures  of  the  component  gases.  The 
mixture  was  allov/od  to  stand  for  at  least  several  hours  before  use,  in  order 
to  insure  thorough  mixing. 

At  Uie  start  of  each  day,  the  interferometer  was  brought  into 
fine  adjustment.  The  fringe  pattern  was,  to  a  high  degree,  dependent  on 
variations  in  room  temperature,  although,  by  continuously  maintaining  a 
constant  temperature,  adjustments  could  be  reduced  to  a  minimum  and,  in 
some  oases,  were  unnecessary. 

Several  preliminary  tests  wore  first  performed,  using  a  Polaroid 
camera  to  determine  the  required  range  of  time  delays  corresponding  to  the 
position  of  the  interferometer  field*  With  this  established,  the  Polariod 
camera  was  replaced  with  the  Speed  Graphic  Camera  back,  and  final  experiments 
wore  performed  with  records  obtained  using  Kodak  Royal  X  Pan  film. 

The  sequence  of  operations  was  as  follows.  The  detonaLion  tube 
was  purged  with  sufficient  mixture  to  change  the  volume  of  gas  in  the  tube 
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ten  to  fifteen  times*  The  shut-off  valve  hetireen  the  tubs  and  mixing  ohsmber  was 
then  olosed  and  the  mixture  Ignited*  Sinoe  a  manual  shutter  was  usedf 
experiments  were  performed  in  total  darkness,  the  shutter  being  opened  Just 
prior  to  ignition  and  olosed  immediately  after  the  explosion.  The  detonation  tube 
was  then  flushed  with  hot  nitrogen  to  prevent  oondensation  of  water  on  the 
windows  of  the  tube  and  have  it  ready  for  next  experiment* 

Each  photograph  was  marked  by  the  use  of  a  metal  frame  attached 
to  the  cover  plate  of  one  window  provided  with  small  triangular  pointers 
and  plaoed  3  om  apart.  These  markers  oan  be  observed  in  the  interferograms. 

Figs.  12-15. 


RESULTS 


Interferograms  of  the  initial  stages  of  the  development  of  detona¬ 
tion  are  shown  in  Figs.  12  and  13,  for  spark  ignition,  and  Fi^  li|  and  I5 
for  pilot  flame  and  glow  coil  ignition  respectively*  Although  only  a  single 
interforogram  was  taken  on  each  run,  all  the  records  for  a  particular  method 
of  ignition  have  been  pieoed  together  on  one  x-t  diagram  to  yield  a  oinema- 
tographio  representation  of  the  process*  The  variation  in  reproducibility 
of  records  obtained  from  subsequent  runs  was  sufficiently  small  to  render 
this  method  of  presentation  a  meaningful  character  of  a  rendition  of  the 
development  of  the  process* 

Spark  Ignition 

The  spark  electrodes,  flush  with  the  inner  surface  of  the  tube, 
were  located  at  the  geometric  center  of  the  baokwall,  Iiunediately  following 
ignition,  the  I'lame  grew  hemisphorioally  about  the  spark  gap,  contacting  the 


12 


Bidas  of  tube  at  t '  2^0/^  moo,  framaB  l-3«  12<  Ibe  aurfaoe  of 

the  flame  front  remained  hemlapherioal  without  eridanoa  of  fina  Btruotura 
until  t=  SOO^Bao,  frama  9*  At  t£  350^  moo  a  plana  diaoontinuiiy 
appared  near  the  baokwall,  iidiidh  alowly  mored  toward  tha  flama,  framea  7“9» 
At  tr  900 /^Moo,  small  bumps  Indioating  a  osll  struotura  appeared  at  the 
flame  front.  They  became  more  pronounoed  at  later  tlmesj  frames  9~l6« 
breaking  finally  into  distributed  turbulenoe.  Flame  velooity  raaohed 
a  maximtna  at  t  =  600^8eo  and  then  deoelerated  until  t=  l^OOy^  sec* 

During  this  period  the  flame  front  flattened,  becoming  almost  plane  at 
tm  1100 ^Moo,  frame  18,  Fig.  13*  The  reaction  zone  here  appeared  to 
be  several  centimeters  thick.  The  flame  velocity  now  remained  nearly 
uniform  while  the  flame  front  took  on  a  folded  appearance* 

At  t  S  1500^  sec,  shoulders  of  flame  appeared  at  the  wall, 
frames  21  and  22,  which  advanced  ahead  of  the  flame  at  the  center  of 
the  tube.  With  the  onset  of  the  shoulders,  the  flame  accelerated  again* 

In  approximately  100^  sec,  a  single  pronounoed  shoulder  developed  which, 
at  t  —  1900 ykaoo,  appeared  to  fill  the  entire  width  of  the  tube*  At 
this  time  the  combustion  front  became  quite  asymmetric  with  a  shoulder 
advancing  along  one  side-wall  substantially  ahead  of  the  rest  of  the 
flame*  The  reaction  zone  underwent  evidently  a  period  of  largo  amplitude 
fluctuation,  as  a  result  of  wliioh  it  became  distributed  in  space,  extending 
over  a  distance  of  up  to  10  cm. 

It  is  apparent  from  frames  which  wore  taken  from 

different  runs,  that  the  flame  shoulder  advances  randomly  along  either 
side  of  the  tube.  Since  the  detonation  tube  was  located  in  a  vertical 
position,  the  asynnatry  of  the  flame  front  cannot  bo  attributed  to 
gravity  forces* 
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Pilot  Flame  Ignition 

Frs»o  1,  Fig>  l4,  shows  &a  undistiurbed  fisld  for  ths  first 
seriss  of  interfsrogrAma  taken  with  pilot  flame  ignition.  Currature 
of  the  fringes  was  oaused  by  wedge  in  the  glass*  In  (pits  of  this, 
density  ohanges  ahead  of  the  flame  oould  be  detected  by  traoing  the 
displaoement  of  the  fringes  in  the  subsequent  frames* 

Although  the  oontract  is  poor,  the  pilot  flame  oan  be  seen 
in  the  test  seotion  in  frame  2,  t—  200  ^  seo,  in  the  approximate  form 
of  a  oylinder,  1*5  oni  long  and  0*5  om  in  diameter.  During  the  next 
few  hundred  milliaeoonds  the  flame  expanded  hemispherioally  at  the  end 
and  oylindrioally  at  the  sides  and  somf  mean  motion  was  observed  in  the 
positive  X  direotion,  probably  as  a  result  of  the  motion  of  the  burned 
gases  whioh  followed  the  flame  through  the  orifice  in  the  baokwallo 

Although  flame  velocities  through  the  entire  transition  process 
were  somewhat  larger  with  pilot  flame  ignition  than  with  spark  ignition, 
flame  front  oonfiguration  at  corresponding  stages  of  the  process  wore  quite 
similar  in  botli  oases.  Wlion  the  flame  oontaoted  the  walls  of  the  tube, 
frame  6,  it  was  domo-shaped  with  a  ooli  sti’octure  clearly  disoernible. 

The  cells  grew  ttien  somewhat  in  size,  the  flame  front  becoming  blunt 
until  at  t—  600^/^soo,  frame  10,  the  flame  began  to  slow  down.  In  frame  9» 
t  ■“550^^^860,  two  bands  of  steep  density  gradients  are  visible,  one  at 
17  om  and  the  other  at  10  om,  v/hile  the  flame  front  is  at  12  ora  from  the 
bottom. 

At  ts  C50  y*fsoo,  frame  lU,  tVie  flamo  front  flattened  out,  but 
oombustion  zone  become  quite  thick  v/ith  a  cell  structure  clearly  evident 
throughout  its  extent.  At  the  same  time,  the  flame  entered  a  now  period 
of  aoooleration.  At  t—  ^'j>0  ^  seo,  several  shoiiiclera  developed  at  the 
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walli  readerixig  the  flaae  front  th«  oharaoterlstio,  tulip  ahape,  frana  l6* 
The  remaining  framea  ahow  the  aubatquent  growth  of  the  ahouldera  of  flame 
and  the  extenaion  of  the  reaotion  aone  as  the  flame  front  beoomea  still 
more  Irregular  in  shape* 

Glow  Coll  Ignition 

Flame  velooltlea  were  muoh  larger  with  glow  ooll  ignition  than 
with  the  other  methods  of  ignition.  In  this  ease,  the  light  source  was 
triggered  by  a  signal  from  an  ionization  gauge  located  at  x  s  2.62  cm* 

Frame  1,  Fig.  15 >  was  recorded  at  the  Instant  when  the  flame  front  oontaoted 
the  gauge.  It  appeared  then  that,  during  the  Initial  stages  of  aooeleration, 
the  tip  of  the  flame  was  about  5  oa  in  adwanoe  of  the  point  where  the  flame 
touched  the  walls  of  the  tube.  The  flame  maintained  its  slender  pointed 
shape  for  approximately  250^  sec,  after  which  it  flattened  out  and 
acquired  a  cell-like  structure. 

On  ft’ames  5*6,  7  and  9*  a  shook  v/ave  oan  be  observed  several 
centimeters  ahead  of  the  flame,  the  separation  inoreaslng  slightly  wit^ 
time.  In  freune  7*  the  shook  wave  is  followed  by  a  strong  oompreasion 
wavs^ as  evidenced  by  the  displacement  and  slope  of  the  fringes. 

Of  particular  interest  is  the  appearance  of  a  displaoeraent  of 
the  fringes  in  the  direotion  of  decreasing  density,  immediately  ahead  of 
the  flame,  frame  6,  whose  enlargement  is  presented  in  Fig.  18.  The  sharp 
change  in  the  slope  of  the  fringes  gives  the  appearance  of  a  wave  front 
with  the  same  shape  as  the  flame*  Ithile  this  phenomenon  does  not  appear  ' 
in  frame  7»  8,  9  and  10,  evidence  of  it  does  occur  in  frames  1-14,.  Here 
the  fringes  immediately  ahead  of  the  flame  front  also  undergo  a  change 
in  direotion,  from  higher  to  lower  density,  although  the  zone  of  rarefaction 
is  not  as  sharply  defined  as  in  frame  6.  The  only  ratioial  explanation 
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of  this  olsBorvatiou  that  might  be  advanoed  at  presont,  is  based  on  the 
oonslderatlon  of  the  three-dimensional  effeots  of  a  dGttie-8haped«  lam  1  Tier 
flame  front  irith  an  appreciably  thick  preparation  sone.  The  light  refracts 
at  first  as  a  result  of  its  passage  across  tlie  portion  of  the  flame  in  the 
middle  of  the  tube  'the  appearance  of  the  first  front,  while  the 

main  record  of  -the  flame  corresponds  to  the  portion  that  extends  through 
the  whole  width  of  the  tube* 

Analysis 

Typical  interferograras  obtained  with  spark  ignition  and  glow  coil 
ignition  were  analysed.  In  the  former  case,  the  flov/  ahead  of  the  flame 
was  continuous  for  the  first  few  hundred  microseconds  following  ignition, 
while  in  the  latter  case  a  shook  wave  ahead  of  the  flame  was  obseiwed  almost 
immediately  after  ignition.  Hence,  different  computation  procedures  were 
required  for  tlio  determination  of  the  state  of  the  disturbed  medium  ahead  of 
the  flame  in  the  two  cases. 

1.  Superposition  Mettiod 

With  spark  ignition,  no  evidence  of  a  discontinuity  in  the  flow 
preceding  the  flame  was  observed  during  the  early  stages  of  tlio  process. 

The  displaooment  of  the  fringes  could  then  bo  followed  throughout  the 
entire  flow  field  and  the  superposition  method  was  used  for  the  evaluation 
of  local  density  distribution.  The  fringe  pattern  for  the  reference  field 
was  provided  by  an  intorforogram  of  the  undisturbed  test  mixture  taken 
prior  to  ignition.  The  isopyonals,  that  is  contours  of  constant  density, 
were  then  obtained  by  superimposing  the  no-flow  fringe  pattern  upon  its 
corresponding  flow  picture.  Those  regions  wdiore  fringes  were  just  180° 
out  of  phase  became  visible  as  gray  stripes,  representing  lines  of  constant 
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frlng*  shift  and,  therefore,  oonstant  densltyt  A.  typical  oomposite 
inberferogram,  using  frame  7  of  12,  is  shown  in  Fig*  16*  Hiae 
Isopyonals,  the  first  appearing  10  om  from  the  baokwall,  oan  he  seen 
ahead  of  the  flame*  Other  measurements  have  indioated  that  the  flow 
preceding  the  flame  oan  be  oonsidered  isentropio*  Hence  the  pressure, 
local  speed  of  sound,  particle  velocity,  etc.,  are  uniquely  determined 
by  the  density,  and  the  isopycmls  then  represent  also  oonstant  pressure 
contours,  or  pressure  fronts.  In  our  previous  work  it  was  found  that 
the  shape  of  the  pressure  fronts  generated  at  the  flame  front,  at  least 
those  of  finite  strength,  quickly  becomes  planar  and  normal  to  the 
direotion  of  propagation*  In  Fig*  17,  the  isopyonals,  while  plane,  are 
someiidiat  oblique  to  the  tube  axis,  the  angle  of  inclination  increasing 
towards  the  front  of  the  pressure  vmve*  This  might  be  due  to  a  slight 
displaoement  of  the  glass,  or  it  may  be  a  trus  indication  of  the  fact 
that  a  continuous  pressure  wave,  unlike  the  discontinuous  shocks  is  indeed 
non-uni formly  distributed  over  the  tube  cross-section  as  a  result  of  a 
weaker  coupling  aoross  its  front* 

The  local  density,  0  ,  was  computed  from  the  relationship 
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where  ^  is  the  wave  length  of  light,  the  oorresponding  index 

of  refraction,  S  the  fringe  shift  expressed  as  a  multiple  of  the  fringe 
spacing,  L  the  vridth  of  the  test  section,  and  the  subscript  o  denotes 
the  undistrubed  state*  Because  of  the  continuous  emission  spectrum 
superposed  on  the  line  speotnim  of  the  light  source,  ^  varied  from 
5UOO  5  to  5700  X,  the  bandpass  of  the  filter*  However,  the  variation 
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of  no  07er  this  range  of  wave  length  me  negligible  and  oaloulations  were 
performed  xiaing  nj,  *  1,0001835  oorreeponding  to  As  5510  A, 

The  spaoe  profile  of  looal  density  and  pressure*  the  latter  oom- 
pubed  as  an  iaentroplo  oonstant  exponent*  are  plotted  in  fig,  17*  Znoluded 
also  is  the  pressure  profile  obtained  from  previous  measurements  with  a 
pressure  transduoer^^.  The  pressure  evaluated  from  the  interferogram  was 
everyehere  larger  than  that  measured  with  the  transducer*  reaching  a  maximum 
of  30  psia  at  flame  front  where  the  measured  pressure  was  only  2l|  psia. 

Although  the  agreement  between  the  two  ourves  is  not  particularly  good* 
some  portion  of  the  discrepancy  can  be  logically  attributed  to  the  non- 
reproducibilities  in  the  prooesB  which  oocurs  on  subsequent  shots* 

2,  Fringe  Displaoement  Method 

Fig.  18*  obtained  with  glow  coll  ignition*  shows  evidenoe  of  a  shook 
wave  propagating  into  the  undisturbed  medium,  followed  by  a  continuous  com¬ 
pression  wave  and,  finally,  by  the  flame.  Sinoe  the  shook  front  is  too  narrow 
to  resolve,  the  fringe  shift  across  the  shook  oannot  be  traced;  hence  the 
shook  strength  oannot  bo  determined  from  the  interferogram.  However,  from 
our  previous  Sohlleren  observations,  the  Eihook  wave  Uaoh  number*  during  this 
same  stage  of  the  process,  was  found  to  be  U  =  l.l4'9«  Zhe  oorresponding  pressure 
and  density  ratios  across  the  shook  were  then  evaluated^ using  the  normal 
shook  wave  relations^to  serve  as  the  reference  state  behind  the  shook.  Choosing 
a  particular  fringe  between  the  shook  wave  and  the  flsune*  the  pressure  and 
density  in  this  region  were  then  computed  by  the  simple  relation 
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vhore  d  la  the  dlatanoe  hetireen  dark  (or  light)  fringea  in  the  referenoe 
oondition,  JL  the  diat&noe  shifted  by  a  dark  (or  light)  fringe,  and 
subsoript  1  denotes  the  reference  state  immediately  behind  the  shook. 

The  fringe  spacing,  d,  was  easily  determined  from  the  undisturbed  medium 
ahead  of  the  shook  and  the  fringe  shift,  Jl,  was  taken  as  the  laterial 
displaoement  (in  the  y  direotion)  of  tiie  fringe  from  its  position 
immediately  behind  the  shook  wave.  The  index  of  refraction,  n  ,  was 
evaluated  using  the  Gladstone -iOale  oonstant,  K  -  (n-1)/^  • 

Sinoe  the  wave  front  which  defined  the  rarefaction  zone  immediately 
ahead  of  the  flame  was  not  planar,  the  observed  fringe  shift  did  not 
represent  the  actual  density  change  whioh  ooour  there.  Assuming,  as  a 
first  approximation,  that  the  region  of  rarofaotion  was  axially  symmotrio, 
the  true  fringe  shift  along  iiie  axis  os  synmetry  (which  corresponded  olosely 
to  the  axis  of  the  tube)  was  obtained  by  multiplying  the  observed  displaoe¬ 
ment  of  the  fVinge  from  its  position  at  the  wave  front  by  the  ratio  D/ii, 
tihere  D  is  the  looal  diameter  of  the  rarofaotion  front,  and  L  is  the  width 
of  the  test  section.  Looal  pressures  in  the  region  between  the  flame 
and  shook  wave  were  computed  using  the  isentroplo  law  with  a  oonstant 
exponent.  Although  this  relation  is  valid  through  the  oompression  wave, 
it  may  not  be  applioable  through  the  rarefaction  where  the  chemical  reaction 
may  be  in  progress. 

The  oaloulated  density  and  pressure  ratios  are  shown  in  '^g.  19, 
where,  for  comparison,  the  pressure  profile  obtained  from  previous  measure¬ 
ment  with  a  pressxxre  transducer^®  is  included.  Although  the  maximum 
pressures  determined  by  both  methods  are  in  good  agreement,  the  pressure- 
distance  profiles  through  the  oorapressed  medium  have  different  rates  of 
rise.  The  difference,  however,  is  sufficiently  small  to  asoribe  it  to 
the  relative  non-reproduoiblllty  of  the  process. 
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DISCUSSION 


It  l8  of  interest  to  compare  our  results  with  those  obtained 
by  other  means  of  observation.  Flame  structure  was  observed  by  Salamandra 
et  al^^  who  investigated  the  transition  from  deflagration  to  detonation 
in  spark  Ignited  stoiohbmetrio  hydrogen-oxygen  mixtures  initially  at  NTP 
using  both  streak  and  multiple  flash  Sohlleren  photography.  The  shape  of 
the  flame  world  line  recorded  by  them  is  in  good  agreement  with  that 
observed  in  the  present  study  and  in  our  previous  Sohlieren  workl^. 
Immediately  following  ignition,  the  flame  experienoed  an  initial  aooeler- 
ation,  followed  by  a  period  of  gradual  slowing  down,  and  finally  by  a 
renewed  aooeleration,  which  eventually  led  to  the  establishment  of 
detonation.  Just  before  and  tliroughout  the  second  phase  of  acceleration, 
the  flow  field  behind  the  flame  front  appeared  quite  disturbed,  A 
similar  phenomenon  was  observed  in  our  own  streak  Sohlieren  photographs. 

While  Salamandra  et  al  do  not  attach  any  particular  importance  to  the 
additional  disturbanoes ,  in  our  opinion  they  are  indicative  of  the  actual 
structure  of  the  reaction  zone.  This  seoms  quite  reasonable  in  view  of 
the  agreement  between  the  vjidth  of  the  reaction  zone  observed  in  our  flash 
photographs  of  the  flame  front,  and  the  extent  of  the  optical  non-homogeneities 
which  appear  behind  the  flame  in  the  streak  Sohlieren  records^®. 

The  development  of  the  process  vi&s  interpreted  by  Salamandra  et  al, 
on  the  basis  of  a  series  of  flash  Sohlieren  photograpJis  taken  across  the 
full  width  of  the  obsei-vatlon  window  in  order  to  reveal  the  shape  of  the 
flame  front.  Explaining  the  initial  pliase  of  flame  aooeleration,  the 
authors  state t 

"During  slow  oombustion,  a  small  pressure  drop  in  the  reaction  zone 
is  accompanied  by  a  considerable  increase  in  tlie  specific  volume  of 
the  oombustion  products  as  compared  with  the  specific  volume  of  the 
combustible  mixture  prior  to  oombustion.  The  expansion  of  the  com- 
bxiBtion  product  results  in  the  sppoaranoe  of  a  frosli  gas  flow  before  the 
flame  front," 
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The  gas  motion  ahead  of  -the  flame  Is  then  oonsldefsd  similar  to  -the  gas  move¬ 
ment  in  front  of  a  piston  aooeleratlng  in  the  same  manner  as  the  flame*  Ihjrlng 
-this  period  the  flame  is  dome  shaped,  in  agreement  -vri-bh  our  own  observations* 
The  argument  presented  by  Salamandra  et  al  to  explain  the  deoel- 
eration  period  is  unoonvinoing*  They -write t 

"As  the  flame  propagates  and  the  volume  of  the  burned  mixture  expands, 

-the  expansion  ratio  of  the  reaotLon  produots  deoreases  and  the  flame 
propaga-tes  at  a  slower  rate.  Finally,  there  oomes  a  moment  vdien 
the  pressure  after  the  front  beoomes  lower  than  the  pressure  before 
-the  front.  This  oauses  the  formation  of  a  new  flow  in  the  direotion 
opposite  to  -that  of  flame  propagation." 

Jlash  photographs  of  the  flame  during  this  stage  of  the  process,  whiah  they 

point  out  in  support  of  their  theory,  show  shoulders  of  flame  advancing 

along  -the  walls  of  the  tube  ahead  of  the  oenter  position  of  the  flame. 

This  particular  flMo  front  oonfiguration  is  referred  to  as  a  tulip-shaped 

flame. 

The  above  statements  imply  the  existence  of  an  intermediate 
stage  during  whloh  the  pressure  behind  the  reaction  zone  was  greater  -than 
the  pressure  ahead  of  it.  For  an  expansion  ratio  greater  than  one,  suoh 
a  flame  is  physically  inadmissible,  since  it  propagates  -with  an  imaginary 
velocity.  This  is  a  well  known  oonsequenoe  of  the  properties  of  the 
Rayleigh  Lino  and  is  pointed  out  by  Oppenholm^  and  by  Troshin^^  who, 
investigating  regin'  of  deflagration  during  the  transition  to  detonation, 
demonstrated  that  -the  pressure  behind  the  flame  is  always  lower  than  the 
pressure  ahead  of  it.  In  faot,  the  pressure  drop  aoross  the  flame  continuously 
Increases  with  increased  flame  velocity,  roaoliing  a  maximum  for  a  C~J 
deflagration.  Furthermore,  if  a  flow  reversal  is  to  be  associated  with 
a  pressure  drop  across  the  flame  front,  then  a  reverse  flow  would  be 
expected  throughout  the  entire  transition  process.  Obviously,  tliis 


oannot  be  the  case 
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recorded  flaae  front  struoture  during  the  develop¬ 
ment  of  detonation  hy  means  of  flame  self-light  photography*  He  aooom- 
pllahed  this  by  photographing  the  flame  front  aa  it  passed  a  slit  plaoed 
normal  to  the  axis  of  propagation  with  a  rotating  mirror  oamera.  Although 
Martin's  experiments  were  performed  with  aoetylene-oxygen  mixtures  at  low 
initial  pressures,  it  is  felt  that  the  meohanism  of  flame  aoooleration  is 
similar  under  all  oonditions  and  that  his  results  may  be  used  as  basis 
for  oomparison.  The  flame  front  pattern  observed  by  Martin  resembled 
those  recorded  by  Salamandra  et  al  and,  in  addition,  transition  in  the 
shape  of  the  flame  front  ooourrod  in  the  same  sequence.  In  partioular, 
Martin  observed  that,  following  a  period  during  whioh  the  flame  front 
was  dome  shaped,  transition  to  a  tulip-shaped  flame  ooourrod  with  shoulders 
appearing  at  the  wall  advancing  ahead  of  the  center  position  of  the  flame* 
However,  in  contrast  to  the  observations  of  Salamandra  et  al,  this  ooourrod 
when  the  flame  was  accelerating,  and  it  was  attributed  to  the  development  of 
turbulence  in  the  boundary  layer. 

Our  cwn  observations  also  show  that  the  flame  was  initially 
hemispherioal  in  form  and  later  became  tulip-shaped,  but  always  during 
a  period  of  acceleration.  This  configuration  is  clearly  evidenced  for 
pilot  flame  ignition.  Fig.  lU,  and,  to  a  losner  degree,  for  spark  ignition. 
Fig.  13.  Tlie  fact  that  the  flame  front  should  acquire  this  shape  when 
accelerating  is  entirely  reasonalbe,  because  the  flame  front  surface 
area  is  then  increased  leading  to  the  generation  of  pressure  waves, 
whioh  aooelerate  the  uhburned  mixture  ahead  of  the  flame.  If  the  develop¬ 
ment  of  shoulders  in  the  flame  front  can  indeed  be  attributed  to 
turbulence,  this  process  would  magnify  the  turbulonoe,  causing  further 
increase  in  flame  front  surface  area  with  the  generation  of  additional 
pressure  waves  and  renewed  acceleration. 
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These  three  inreatlg&tioBs,  where  obserrations  were  luade  using 
different  optical  teohnlques  show  that|  during  the  Initial  stages  of 
the  development  of  detonation,  the  struoture  of  the  flame  front  under¬ 
goes  the  following  ohongesi 

l)  imedlately  following  Ignition  the  flame  front  is  dome-shaped 
2}  then  shoulders  of  flame  appear  at  the  wall,  and  the  flaiss  front 
beoomes  tulip-shaped 

3)  finally  the  flaae  front  breaks  down  oompletely  aoquiring  an 
asymmetric  form  and  the  reaction  zone  Increases  appreciably 
In  extent I 


Bumksi 

\ 

Flash  interferometric  observationB  have  been  made  of  the 
transition  from  slow  burning  to  detoiiatioji  in  stoiahiouotrio  mixtures 
of  hydrogen  and  oxygen  initially  at  NIP.  Ignition  waii  executed  by 
means  of  either  spark  discharge,  pilot  flame,  or  glow  coil,  each 
ignitor  being  located  at  the  baokwall  of  the  detonation  tube. 
Observations  wore  restricted  to  the  initial  stages  of  flame  acoeler- 
ation,  before  the  establishment  of  retonation. 

The  photographs  revealed  considerable  information  on  the 
flame  front  configuration  and  on  the  struoture  of  the  reaction  soue. 
For  spark  disoharge  ignition,  the  following  (’estures  wore  observed. 
Immediately  following  Ignition,  the  flame  was  laminar,  having  the 
form  of  a  smooth  dome,  and  propagated  at  an  aooolerating  rate.  After 
several  hundred^  soo,  the  flame  exporionoed  a  slight  slowing  down, 
during  which  the  shape  of  the  flame  beoame  flatter  and  the  combustion 
sone  acquired  a  oell-llke  structure.  This  was  followed,  after 
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several  hundred  yttsea,  by  the  development  of  shoulders  of  the  flame  at 
the  wall«  advanoing  ahead  of  the  central  portion  of  the  oo!id>ustlon  front. 
Dorlxig  this  time  flame  aooeleration  was  renewed.  Eiventually  one 
shoulder  beoame  predominant,  the  flame  front  assuming  an  asymetrio 
form,  and  the  reaction  zone  extending  over  a  distance  of  some  lO  to  15  cm. 

Onoe  the  flame  oompletely  filled  the  tube  oross  section,  the 
results  with  pilot  flame  ignition  were  quite  similar  to  those  obUiijed 
with  ignition  by  spark  discharge.  However,  v/ith  glow  coil  ignition,  the 
breakdown  to  a  turbulent  flame  was  not  observed  over  the  region 
Investigated, 
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FIG.  2.  INSTALLATION  OF  MACH  ZEHNDER  INTERFEROMETER 


FIG.  3.  BARIUM  TITANATE  LIGHT  SOURCE 
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FIG.  5.  POWER  SUPPLY  FOR  LIGHT  SOURCE 
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FIG.  6.  SPECTRAL  TRANSMISSION  CURVE  FOR  FILTER 


FIG.  ”  POWER  SUPPLY  FOR  TIME  DELAY  UNIT 


FIG  8  TIME  DELAY  UNIT 


FIG.  9.  DELAY  UNIT  THYRATRON  CIRCUITS 


FIG.  10.  BLOCK  DIAGRAM  OF  SYNCHRONIZATION  CIRCUIT 
FOR  SPARK  AND  PILOT  FLAME  IGNITION 


FIG.  11.  BLOCK  DIAGRAM  OF  SYNCHRONIZATION  CIRCUIT 
FOR  CaX)W  COIL  IGNITION 
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FIG.  12.  CINEMATOGRAPHIC  REPRESENTATION 

OF  THE  DEVELOPMENT  OF  DETONATION 
INITIAL  STAGES  WITH  SPARK  PLUG  IGNITION 


FIG.  13.  CINEMATOGRAPHIC  REPRESENTATION 

OF  THE  DEVELOPMENT  OF  DETONATION 
FINAL  STAGES  WITH  SPARK  PLUG  IGNITION 
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FIG.  14.  CINEMAl-OGRAPHIC  REPRESENTATION 

OF  THE  DEVELOPMENT  OF  DETONATION 
WITH  PILOT  FLAME  IGNITION 
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FIG.  15.  CINEMATOaiAPHIC  REPRESENTATION 

OF  THE  DEVELOPMENT  OF  DETONATION 
WITH  GLOW  (X)IL  IGNITION 
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FIG.  18.  FRAME  6,  FIG.  15 


FIG.  19.  P-X  PROFILE  FOR  FIG.  18. 
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OCMPPiaLTION  OP  DBSSIW 


Superpoaitien  Meiihod 

Contours  of  oonotaoit  dsnalty  oau  be  oonvenlently  dotenained  by 
auperpoalng  an  interferogram  of  th®  undisturbed  field  wi.th  one  taken  during 
the  experiment*  llhen  the  fringes  on  the  two  interferograme  are  180^  out 
of  phase*  deatruotive  interference  ooours,  giving  rise  to  grey  bands,  as 
shown  in  Fig.  I7.  Suoh  bands  represent  contours  of  constant  density,  or 
isopyonals.  In  addition,  if  the  flew  is  isontropio,  as  it  is  during  the 
early  stages  of  the  transition  process  when  ignition  is  by  means  of  spark 
discharge,  then  the  isopyonals  also  represent  isobars*  The  isopyonals,  then, 
provide  means  for  the  determination  of  the  pressure  profile  ahead  of  the 


flame* 


The  density,  p  ,  in  the  flow  field  is  given  by  the  following 


relationship t 


where  S  is  the  fringe  shift,  C  is  a  constant  and  the  subsoript  0  denotes 
the  undisturbed  state.  The  oonstont  C  is  given  byt 


whore  \  is  the  wave  length  of  light,  L  the  physical  path  length  through 
the  test  medium,  and  K  the  Gladstone-Dale  ooeffioient,  whioh  for  a  given 
gas  is  constant  and  given  by  the  equation: 

1C  =  J^  A.3 

where  n  is  the  index  of  refraction* 


Th*  ooaBtantB  and  for  a  2Hg+  Og  mixture  were  found  from  an  expression 


of  the  form  I 


where  m  is  the  mole  fraotion  of  the  oonstituent  gases  •  TTlth  njjg'=  0,667, 
m  ss  0,333,  “id  using  the  information  given  in  Table  lA  equation  A.6  yields i 


Aj_=  17.92  X  10“5 

=  6,82  X  10“^1 


for  2Hg  Og  mixture 


Substituting  these  values  into  equation  A, 5  and  using  X  s  5*51  *  10“5om, 
the  index  of  refraction  for  the  test  mixture  was  found  to  be» 

Hq  =»  1.0001835 

The  value  of  L  in  equation  A,I|.  is  the  length  of  the  light  path 
through  the  test  medium  which,  in  this  case,  is  the  width  of  the  detonation 
tube,  L  *  3.81  om. 

Substituting  the  above  values  of  L,  X  and  uq  into  equation  A.I^ 
yields  an  expression  for  the  density  ratio  ,  p/  ,  as  a  function  of  the 


fringe  shift  Si 


-t-  *  1  -t-  . 


0789  S 


Sinoe  the  isopyonals  are  a  manifestation  of  the  condition  where  the  Tlow 
fringes  are  100®  out  of  phase  with  the  no-flow  fringes,  S  will  take  on 
values  of  1-^-,  2^,  eto,,  starting  witli  the  first  isopyonal. 

Finally,  wlien  the  process  oan  bo  considered  isontropio,  the  pressure 
in  the  flow  ahead  of  the  flame  oan  be  oaloulated  with  sufficient  aoouraoy 
from  the  isentropio  law  with  a  constant  exponent  ^  =  1.1|. 

Table  A. 2  summarizes  the  calculations  of  density  and  pressux*e 
for  the  oomposite  interforogram  shown  in  Fig,  16, 


A5 


trhtr*  d  is  fringe  apaolng^  i  the  fringe  displaoement  measured  from 
Its  position  behind  the  shook  wave,  and  subsorlpt  1  denotes  oondltlons 
immediately  behind  the  shook  ware*  Althou^  the  fringes  between  the  flame 
and  shook  miTe  were  not  straight,  they  were  very  nearly  parallel*  Henoe  the 
use  of  any  one  of  the  fringes  would  yield  a  suffioiently  aoourate  representa¬ 
tion  of  the  average  density  at  a  given  oroBS-seotlon*  Aotually,  there  was 
little  oholoe  Involved,  slnoe  most  of  the  fringes  were  dlsplaoed  out  of  the 
field  of  view*  The  fringe  spacing,  d,  was  measured  from  the  uniform 
undisturbed  field  and  found  to  be  1*55  nm* 

The  index  of  refraotion,  n^,  was  oaloulated  using  the  Gladstone- 
Dale  constant  --  ...• 


_  Hq-I 

with  0,03  Ib/ft^,  ^  «  0.0555  Ib/ft^  ,  and  Up  =•  1,000  035»  then. 


s  3.50  X  10"^ 


Substituting  the  values  J'or  L,  X  ,  n;^  ,  and  d  into  equation  A. 9  yields 


=  1-+-  0.275  Z  A. 10 


The. pressure  ratio 


■T7 


WB.s  then  computed  using  the  isentropio  law. 


equation  A. 8. 

The  rarefaotion  zone  observed  inure  diatoly  ahead  of  the  flame  was 
separated  from  the  preceding  oorapression  wave  by  a  sharply  defined  front. 
The  oonvex  shape  of  the  front  indicated  that  the  rarefaotion  zone  did  not 
fill  the  entire  tube  cross-section.  Hence,  a  ray  of  light  which  passed 
through  the  rarefaction  also  passed  through  the  more  highly  compressed 


UBLI  Jl,S 


CALOUUTIOS  OF  DENSITY  AND  PBESSURB 
IN  FLOir  ABJSAD  OF  THE  !UEE  (Sea  Fig.  16) 

SUPERPOSITION  UETHCD 


s 

X 

P/Pfl 

0 

1,0 

1.0 

i 

10.8 

i.oU 

i.o6 

9.6 

+.2 

1.12 

1.17 

2|- 

6.5 

+.2 

1.20 

1.28 

7.i^ 

+.2 

1.20 

i.Uo 

6.3 

+.3 

1,36 

1.5U 

3k 

5.3 

+.3 

iok3 

1.66 

6i 

1  C 

‘‘•5  >.2 

1.51 

1.79 

7i 

3.6 

+.2 

1.59 

1.92 

3.0 

1.67 

2.05 

X  -  distanoo  from  th«  Ignitor 


TAB12  iL.3 


OALOUUTION  OF  DSHSITT  KHU  PKBSSU8B  ZB 
FLOir  AHShC  OF  THE  FIAUE  (SEE  Fig.  18} 


FRIHOB  DTSMACBOniT  MBTHCD 


z 

^2 

T 

^2 

^2 

Pp 

cm 

cm 

Pi 

Po 

28.1 

1 

1.01+5 

1 

2.1+23 

28.0 

0.25 

1.0686 

1.97 

1.097 

2.66 

27.5 

0.92 

1.251; 

2.32 

1.373 

3.33 

27.0 

1.2U 

1.31;0 

2.1+7 

1.506 

3.65 

26.5 

1.50 

1.1+12 

2.6l 

1.62 

3.92 

26.0 

1.82 

1.500 

2.77 

1.761+ 

1+.26 

25.5 

2.06 

1.565 

2.89 

1.87 

i;.53 

25.0 

2.2U 

1.6i6 

2.98 

1.96 

1;.75 

2U.9 

(1.907) 

1.525 

2.87 

I.B05 

1+.36 

2i4.8 

(1.89) 

1.520 

2.80 

1.795 

1+.31; 

Notes  (£)  -  corrooteci  fringe  dispia cement. 
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ATTNt  Dr.  S.  Boden 

University  of  Southern  California 
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ATTNt  Dr*  B.  L.  Chuan 
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ATTNt  Dr.  David  B.  Langmuir 
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ATTNt  Dr.  W.  Bostlok 

Temple  University 
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ATTNt  Dr»  Lloyd  Bohn 

Texaco  Experiment,  Ino. 
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ATTNt  Dr,  King 

Thompson  Products,  Ino. 
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Cleveland  17,  Ohio 

ATTNt  Mr,  S.  H,  J’airweather 

Professor  Osman  Mawardi 
Case  Institute  of  Technology 
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Aeronutronios ,  Divison  of  Ford  Motor  Co. 
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